In this paper, we focus on a graphene heterojunction device: a Z-shaped graphene nanoribbon, which consists of two armchair leads and a zigzag junction. Based on the Landauer-Büttiker formula and the tight binding model, we found that the rectifying behavior can be achieved by applying an external gate voltage in the heterjunction region. We also found that the rectification effect is independent of junction width and length, it is an intrinsic property of the Z-junction graphene nanoribbon. This platform can be used to design and study functional graphene nanoscale devices. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2906631͔ Due to its amazing electrical properties, carbon nanotubes ͑CNTs͒ discovered by Iijima in 1991, 1 have been thoroughly investigated for decades as a candidate to fabricate nanoscale devices. Field effect transistors, logic gates, memory devices, and other nanoelectronic devices using single nanotube or nanotube junctions have been invented and reported.
Due to its amazing electrical properties, carbon nanotubes ͑CNTs͒ discovered by Iijima in 1991, 1 have been thoroughly investigated for decades as a candidate to fabricate nanoscale devices. Field effect transistors, logic gates, memory devices, and other nanoelectronic devices using single nanotube or nanotube junctions have been invented and reported. [2] [3] [4] [5] [6] Large scale integrated nanotube-based devices, however, are hard to make because it is difficult to assemble CNTs into functional devices. Recently, Novoselov et al. 7 cleaved a single layer graphite ͑graphene͒ from a bulk graphite. This pioneering experimental work offers a great potential to make integrated nanoscale devices out of graphene. Graphene can be viewed as a sheet of an unrolled CNT and has mechanical, thermal, and electrical properties similar to CNTs. Unlike CNTs, flat graphene sheets can easily be tailored using lithography techniques. As a result, interconnection wires become unnecessary. Integrated nanoelectronic circuits can be completely made out of continuous graphene sheets by simply cutting them into ribbons of different widths. A great deal of research attention has been dedicated to exploring graphene's properties and making graphene functional devices. 8, 9 There are two representative types of graphene nanoribbons ͑GNRs͒ according to the edge configuration: armchair and zigzag GNRs. The GNR's electronic structure has been studied by many groups. [10] [11] [12] All GNRs with zigzag edge ͑Z-GNRs͒ are metallic due to the two edge states degenerated at the Fermi level without considering the spin freedom. Armchair GNRs ͑A-GNRs͒, on the other hand, have no such localized state. However, it is interesting to note that the ribbon width determines whether the A-GNR is metallic or semiconducting. 10 An A-GNR is metallic if its width is 3m − 1, where m is an integer. Otherwise, it is semiconducting. Comparing with the recent local density approximation ͑LDA͒ results, 13 except for the band gap opening for A-GNRs with narrow width, GNR's electronic structure can still be quantitatively described using the simple tight binding model.
In this letter, we propose a rectifier design based on Z-shaped GNRs junction, as shown in Fig. 1 . A Z-GNR is sandwiched between two semi-infinite A-GNRs. Here, the edge carbon atoms of the perfect GNRs are saturated by hydrogen atoms. The current through the GNR device is tuned to achieve a rectification function by applying a gate voltage at the Z-GNR region, a potential well ͑U Ͻ 0͒ or a a͒ Electronic mail: phsqw@ustc.edu.cn. potential barrier ͑U Ͼ 0͒ appears in this region. Our simulations show that the rectification effect is independent of the junction width and length, which will significantly reduce experimental difficulties in making such a device.
As shown in the bottom schematic drawing in Fig. 1 , the Z-shaped GNR device includes five regions: the left contact, the left lead, the junction, the right lead, and the right contact. Here, we assume that the junction width is W − 1 while both the left and right leads have equal width W ͑W =3m −1, m is an integer͒, and the length of the junction is L ͑L is an integer͒. In this design, the leads are semi-infinite A-GNRs, the junction is a Z-GNR. According to the LDA results, 13 the relationship between A-GNR width and its energy band gap is primarily inversely proportional, i.e., A-GNR exhibits a finite gap only when its width is narrow. For A-GNRs with width W =3m − 1, when the width is larger than 40 Å, the energy gap becomes very small ͑close to zero͒. This indicates that the A-GNRs with large width can be approximated by "metallic nanoribbons," and the connections between the left/right contacts and the left/right leads in our design are assumed to be Ohmic. When a low-bias voltage applied to the source and drain, we can use the Landauer-Büttiker formula to obtain the transmission coefficients T͑E͒ of this device through Green's function technique.
14 Current through the junction is calculated as
contact, and V L/R is the applied bias voltage. E F is the Fermi energy, which is set to zero in the following calculations. Similar method has also been used to calculate the conductance proprieties of the Z-GNR. 15 Using the capacitance model, the relation between the gate voltage ͑V g ͒ and the potential well/barrier ͑U͒ can be established based on V g = nde / . Here, is the dielectric constant, d is the distance between the gate and GNR, and n is the carrier density that can be obtained by integrating the density of states within the junction, n = ͐f͑E͒͑E͒dE.
Figures 2͑a͒-2͑c͒ shows the calculated I-V curve of the Z-shaped junction with different potential well U = 0.0, −2.0, and −5.0 eV, respectively. Two distinct characters can be seen clearly from these figures. Firstly, without the applied gate voltage, the I-V curve is symmetric with respect to the bias voltage V L , as shown in Fig. 2͑a͒ . Secondly, by increasing the applied gate voltage at Z-GNR region to form a potential well in junction, the I-V curve becomes asymmetric. In Fig. 2͑c͒ , the current is almost quenched to zero in the range from −0.3 to 0.2 V. The current begins to increase only when the positive bias voltage is larger than the threshold value ͑0.2 V͒. That is to say, in this Z-shaped junction, when the gate potential well height at Z-GNR region reaches −5.0 eV, the resulting device clearly shows rectifying effect. Similar phenomena can also be observed with a gate potential barrier. When U = 5.0 eV, the current is quenched in the bias voltage range from −0.5 to 0.0 V. In our simulation, we assume the gate voltage induces a rectangle potential well in the Z-GNR region. Our in-depth studies show that the rectification effect does not depend on the detailed structure of the potential distribution. For instance, changing the shape of the potential profile in the junction region merely modify our results quantitatively, the rectified effect always exists. Our rectifier design is similar to the conventional metal-oxidesemiconductor field-effect transistor ͑MOSFET͒ devices with gate connected to the drain. In a MOSFET device, the gate voltage controls "on" or "off" of channel underneath and results in the asymmetry current-voltage characteristics. In our model, the origin of the rectifier is attributed to the asymmetry transmission curves in negative/positive energy region controlled by the applied gate voltage, which will be discussed in the following paragraph.
To explore why the Z-shaped junction with an applied gate voltage displays rectifying behavior, the calculated transmission coefficients T͑E͒ of the Z-shaped junction with different U values are shown in Figs. 2͑d͒-2͑f͒ . With the increasing height of the potential well, the transmission coefficients mainly localizes in the negative energy region. The localized transmission spectrum is the main reason for the asymmetry of the I-V curves in Fig. 2 . Similar feature is also observed in previous studies of the Y-shaped CNT rectifying circuit. 16 Actually, this result is not surprising. We can explain this phenomenon by using the schematic band diagram of the left/right leads and the Z-GNR junction region, as shown in the inset of Figs. 2͑d͒-2͑f͒. The band widths for both A-GNR and Z-GNR are about 16 eV ͑ranging from −8 to 8 eV͒. With an applied negative gate voltage, a potential well at the Z-GNR region is formed and its band structure moves downwards, which means that the states locating in the energy range from −13 to 3 eV provide transport channels for U = −5.0 eV case. In the tunneling process, energy is conserved when an electron with energy E incidents from the left lead ͑with E in the band width of the lead, i.e., from −8 to 8 eV͒, only electrons with energy between −8 and 3 eV has the chance to pass through the middle junction, i.e., the negative energy region between the two blue dashed lines has more contribution to transmission curve and thus the transmission curve mostly localizes in the negative energy region.
In the above discussion, we give a simple model to show the rectifying effect for the Z-shaped junction and explain the origin of this phenomenon. One interesting question is whether this rectification effect exists universally. In order to answer this question, we further calculate the I-V curves of the junctions with different widths and lengths. Firstly, for the junction with fixed width W = 35, its length is changed to be L = 10, 20, and 30, the corresponding results are shown in Figs. 3͑a͒-3͑c͒ , respectively. The following common characteristics are observed from the calculated I-V curves. The current is quenched to zero in a certain bias voltage range, which begins to increase when the positive bias voltage is larger than the threshold value. The quenched region becomes wider with increasing the junction length. If the junction length is fixed be at L = 10 and the junction widths is changed to be W = 38, 44, and 50, the calculated I-V curves are shown in Figs. 3͑d͒-3͑f͒ , respectively. Robust rectifying behavior is once again observed. It is clear that the quenched region becomes narrow with increasing junction width. The quenched region from −0.6 to 0.5 V for the junction with width W = 38 is wider than that for other two cases W =44 and W = 50. This observation indicates the narrow junction is more suitable for the rectifying device design. Based on our numerical results, we conclude that our rectified device model is general and independent of the geometric structure of the central Z-GNR. The flexibility of our Z-shaped junction device can significantly reduce experimental difficulties to fabricate nanoscale molecular electronic devices.
In summary, we design a nanoscale rectifying device based on a Z-shaped GNR junction. External gate voltages applied at Z-GNR region can be used to tune its rectifying effect. In addition, the rectification is independent of junction width and length, which is an intrinsic property of this Z-shaped junction. Our design provides a platform for designing functional nanoscale electronic devices using GNRs. 
